Seasonal dynamics of arbuscular mycorrhizal (AM) colonization of Sporobolus wrightii and AM fungal communities were assessed at four riparian sites in south-east Arizona which represented upper terrace or lower floodplain habitats and perennial or intermittent river reaches. Colonization was coordinated with growth/reproductive stages of plants at three sites with higher levels from February to May when plants were primarily vegetative and lower levels in September and December during seed set and onset of dormancy. Fifteen species of AM fungi were associated with S. wrightii, including Glomus, Acaulospora, Paraglomus and Archaeospora species. Species richness ranged from 9 to 13 AM fungal species per site. # 2002 Elsevier Science Ltd.
Introduction
Symbiotic relationships between arbuscular mycorrhizal (AM) fungi and plants have been examined in many habitats, but little has been reported from riparian ecosystems in arid and semi-arid regions of the world. Riparian communities in these regions can exhibit high levels of plant and animal diversity, and their importance is magnified by the relative scarcity of wetland ecosystems (Minckley & Brown, 1994) . This paper examines the interaction between AM fungi and Sporobolus wrightii Munro ex Scribn, big sacaton, a species of tallgrass found in riparian ecosystems in south-western North America. River systems in the arid and semi-arid south-west often form a series of benches or floodplain terraces characterized by differences in depth to ground-water, frequency of flood inundation, and vegetation communities (Goodwin et al., 1997) . Sporobolus wrightii is found on lower floodplains where plants occur with other riparian species and also on upper terraces which may support grasslands dominated by this facultative wetland species (Stromberg, 1993) . Historical accounts indicate that S. wrightii once occupied millions of acres of riparian ecosystems in the south-west (Humphrey, 1958; Bahre, 1991; Stromberg, 1993) , and provided erosion control (Hubbell & Gardner, 1950; Humphrey, 1958) , forage for livestock (Cox et al., 1983) and habitat for wildlife (Bock & Bock, 1978 , 1979 . Currently it is estimated that only 5% of sacaton grasslands (Humphrey, 1958; Bahre, 1991; Stromberg, 1993) have avoided conversion to agricultural production or degradation due to channel incision, water table decline and alteration of river flows (Bryan, 1928; Judd et al., 1971 ). Opportunities to reestablish or rehabilitate sacaton grasslands exist today as a result of widespread abandonment of agricultural fields (Cox & Madrigal, 1988) , but natural recruitment has been slow in most areas and many fields support only weedy species decades after abandonment. Attempts to reestablish S. wrightii on abandoned agricultural fields have largely been unsuccessful (Cox et al., 1983; Swenson, 1988) .
Restoration of functional ecosystems is dependent on thorough understanding of components constituting those systems (Reeves et al., 1979 ), yet little is known about the relationship between S. wrightii and AM fungi or about the AM fungal communities that occur in riparian ecosystems. Studies have shown the importance of establishing mycorrhizal relationships in revegetation efforts on mining spoils (Khan, 1978; Allen & Allen, 1980) and arid areas (Miller, 1979; Reeves et al., 1979) , but not all plants respond positively to mycorrhizal associations. Some species of plants are obligate symbionts and are dependent on the symbiosis to survive or to complete their life cycle, other plants are facultative symbionts and benefit from mycorrhizae under certain conditions, other plants show reductions in yield and survivorship in response to mycorrhizal infection ( Johnson et al., 1997; Francis & Read, 1995) . Newsham & Watkinson (1998) reviewed studies of direct effects of mycorrhizae on members of Poaceae and found 27 species which exhibited positive effects, 33 species which experienced no effects and 12 species that were negatively affected by AM fungal infection. Wilson & Hartnett (1998) found that perennial warm-season C 4 grasses from the tallgrass prairie ecosystem in the central Great Plains benefited from AM fungal associations, but some cool-season C 3 grasses responded negatively to AM fungal inoculation.
The benefits accrued by the symbionts may be related to the timing and extent of AM fungal colonization (Graham et al., 1991; Abbott & Gazey, 1994; Wilson & Hartnett, 1998) . Evidence of a possible functional association between S. wrightii and AM fungi may be found by examining patterns of AM fungal colonization within the roots of S. wrightii in extant grasslands. Characteristics of growing sites or the progression of fungal phenology may affect the dynamics of AM colonization (Whitbread et al., 1996) . Periods of rapid plant growth were tied to high levels of fungal colonization, which declined after seed production (Hetrick et al., 1989; Wetzel & van der Valk, 1996) . In a field study of wheat, Saif & Khan (1975) discovered that most arbuscules formed during periods of active vegetative growth by the host plant.
The effects on host plants may also vary with AM fungal species composition indicating that not all AM fungi are functionally equivalent (Trent et al., 1993; Clark & Zeto, 1996; van der Heijden et al., 1998a, b) . Cultivation alters the composition of native communities of AM fungi ( Johnson & Pfleger, 1992) , and therefore may affect the successional process . Roldan et al. (1997) determined that AM fungal populations in semi-arid Mediterranean sites were reduced by agricultural practices, and did not recover until 45 years after abandonment. Stribley (1987) suggests that mycorrhizae may be critical in the establishment and survival of plants in natural ecosystems, and stresses the importance of determining the identity of species of indigenous mycorrhizal fungi in an ecosystem.
The objective of this study was to determine the extent of the interaction between AM fungi and S. wrightii by examining the seasonal dynamics of mycorrhizal colonization in roots of S. wrightii, and determining the AM fungal communities associated with S. wrightii in four different riparian habitats along the San Pedro River in south-east Arizona. Samples were collected from lower floodplains where S. wrightii is a component of mixed vegetation communities which also include Fremont's cottonwood (Populus fremontii S. Wats.), mesquite (Prosopis spp.) and the exotic salt cedar (Tamerix spp.), and from upper terraces that are sacaton grasslands. Because many rivers of arid environments exhibit perennial (continuous) streamflow in some stretches and intermittent (temporally discontinuous) streamflow in other reaches (Malanson, 1993) , both perennial and intermittent reaches were examined. We asked these questions: (1) Does Sporobolus wrightii form mycorrhizae and if so, what AM fungal species are associated with this species of grass? (2) Does AM colonization vary on a seasonal basis? (3) Are levels of AM fungal colonization and species richness similar in different riparian habitats? (4) Do habitat or edaphic conditions, sampling time or vegetative/reproductive status of the host affect the incidence and relative proportions of AM fungal components?
Materials and methods

Study sites
Four study sites were located on the San Pedro River in south-eastern Arizona U.S.A. (Fig. 1) . The San Pedro is one of the last un-dammed rivers in Arizona and drains a watershed vegetated by Sonoran and Chihuahuan desertscrub, semidesert grassland, and Madrean evergreen woodland (Brown, 1994) . Anthropogenic effects on this watershed in combination with intense flood events caused channel incision late in the 19th century and produced a two-tiered floodplain along some stretches of the river (Stromberg et al., 1996) . Relics of grassland dominated by S. wrightii persist on some upper terraces, and complex vegetation communities, which may include S. wrightii, are found on lower floodplains. Typical of many rivers and streams in this semi-arid region, surface flow occurs throughout the year in some reaches of the San Pedro (perennial), but in other reaches surface flow is evident only on a seasonal basis (intermittent). Riparian ecosystems of the south-west have been subjected to disturbance from anthropogenic sources for decades, and pristine sites are not available for study. The sites chosen for our research are areas in which direct anthropogenic disturbance such as cattle grazing has been eliminated or severely curtailed. The four sites selected represent either upper terrace ( U ) or lower floodplain (L) habitats, and perennial (P) or intermittent (I) reaches of the river (Table 1 (Cascabel) . The annual rainfall of 250-450 mm is received in a bi-modal pattern of winter rains (39%) and summer monsoons (61%) (Brown, 1994) .
Host plant
Sporobolus wrightii is a warm-season, perennial tallgrass that exhibits a period of dormancy or near dormancy through the winter months, followed by rapid vegetative growth in late spring and summer. Numerous small seeds are borne in late summer or autumn on panicles that may reach or exceed 2?5 m in height. Field identification of a genetically separate plant is difficult, as tussocks of big sacaton may develop from tillers tightly appressed to parental stems, or from groups of seedlings of the same age. Therefore, the term 'plant' is used in this study to identify a tussock, recognizing the possibility that the tussock may or may not be genetically uniform.
Field methods
Transects perpendicular to the river channel at three sites, Lewis Springs (Stromberg et al., 1996) , BLM Bennett (Stromberg, 1998) and Cascabel, had been established for previous work and a fourth transect was established at Palominas Bridge. On or near each transect three mature, well-established plants (basal diameter 40?3 m) were tagged for identification and sampled 6 times (February, March, May, July, September and December 1995). Plants were chosen, in part, for their isolation from other species to ensure that the roots collected were from S. wrightii plants. Phenological status was determined on each sampling date by assessing each plant as: dormant if less than 1/3 of the leaf area was green; intermediate if most leaves were more than 1/3 but less than 2/3 fully green; vegetative if laminae were fully green and no panicles were evident; panicle if inflorescences were fully extended and most spikelets were in anthesis; and mature if panicles contained ripened or nearly ripened seed. For assessment of AM fungal colonization, soil and root fragments were removed from the base of each plant with a soil auger (diameter =7 cm) at depths of 0-15 and 15-30 cm. Subsequent site were removed from the same plants, but from undisturbed regions of the rhizosphere. To determine AM fungal species composition, an additional sample (2 l) from the rhizosphere of each plant was collected in February. Each soil and root sample was enclosed in a self-sealing plastic bag and placed in an insulated carrier for transport to laboratory facilities at Arizona State University in Tempe, Arizona.
Analysis of mycorrhizal colonization
Sub-site of roots were immediately removed from each field soil core and carefully washed. Roots were cut into 1 cm segments, wrapped in mesh, placed into tissue capsules and stored in formalin acetic acid (FAA). Specimens were stained with acid fuchsin as in Kormanik & McGraw (1982) , slightly modified by reducing the concentration of KOH to 5%. Root fragments were examined with light microscopy (Leitz Dialux 20), and AM fungal colonization assessed using the magnified intersections method (McGonigle et al., 1990) . Each slide was scored twice using different starting points, for a total of 200 intersections per sample.
Culture of AM fungi
Because spore densities in field soils in sacaton grasslands are very low (o10 spores 100 cm À3 ) (Stutz, unpubl. data) , successive pot cultures were established in a (Stutz & Morton, 1996) . For each pot culture, #12 and #20 silica sand (1 : 1 v/v) was autoclaved 1 h at 1201C. One liter of sand mixture was combined with 500 cm 3 field soil/root fragments from each plant and placed in surface-sterilized grower's pots (3 l). Each pot was seeded with approximately 75 sudangrass seeds [Sorghum sudanese (Piper) Staph.], which were surface sterilized in 1:10 commercial bleach solution for 5 min. Pot cultures were maintained in an isolation room of a glasshouse on the campus of ASU, watered to flowthrough with a drip irrigation system, and fertilized with Peter's No Phos (15-0-15) if nutrient deficiency symptoms developed. Irrigation was discontinued 4 months after planting, and each culture was allowed to dry in situ for 1 month. Soil and root fragments from each pot culture were broken apart and thoroughly homogenized. A sub-sample (500 cm 3 ) from each pot culture was used to establish second-generation pot cultures, using the protocol outlined above. The remaining sub-samples were stored at 41C until examined.
AM fungal species identification
Spores were extracted from a sub-sample (150 cm 3 ) from each pot culture by wetsieving and decanting followed by centrifugation in a sucrose gradient (Daniels & Skipper, 1982) . Spores were suspended in water and examined using a Leica stereomicroscope. Representative spores of each morphotype were mounted in polyvinyl alcohol-lactic acid-glycerin (PVLG) (Koske & Tessier, 1983) and PVLG with Melzer's reagent (1:1 v/v). Gentle pressure was applied to the cover slip to break spores for identification to species based on subcellular characteristics (Morton, 1988) . A Leitz Dialux 20 research microscope was used to examine broken spores. Species richness for each site was determined by combining data from the three pot cultures from each site. The mean number of AM fungal species per plant at each sampling site was calculated using the total number of AM fungal species detected per pot culture. Frequency of occurrence is expressed as the number of cultures from which spores of each species were identified.
Soil analysis
Sub-samples of soil from the rhizosphere of each plant were analysed by a commercial soils laboratory (Laboratory Consultants, Ltd). Percent relative moisture and percent water content were determined from sub-samples of each soil core. Percent relative moisture was calculated as (net field weightÀnet dry weight/net saturated weightÀnet dry weight) Â 100. Percent water content was determined as (net field weightÀnet dry weight/net dry weight) Â 100.
Statistical analysis
Colonization data were analysed using the General Linear Model procedure (SAS Institute Inc., 1989) . Repeated measures analysis was used to test for changes over time. Tukey's studentized multiple range test was used to determine significant differences among means. p-Values in the text are the result of contrasts between values and were considered significant at the 0?05 level. Correlation coefficients were calculated to determine relationships between mycorrhizal infection and soil moisture. There were no significant differences due to sampling depth, consequently data were pooled for further analyses.
One-way ANOVA was used to analyse the relationship between species richness and site (SAS Institute Inc., 1996) . Variances were not equal; consequently, Welch ANOVA was used to test for significant differences. Sorensen's Coefficient of Similarity was used to compare AM fungal species composition between sites. Similarity (S ) was calculated by the formula: 2 Â number of species common to both sites/(species richness at site 1 + species richness at site 2). Linear regression analyses were used to determine correlations between species richness and soil characteristics. The p-value for hypothesis tests was set at 5%.
Results
Roots of S. wrightii exhibited colonization with AM fungi at all sites and during each sampling period. AM fungal colonization consisted primarily of characteristic aseptate hyphae with vesicles. Terminal arbuscules and intracellular coils were found in low numbers in cortical regions of S. wrightii roots. Colonization data differed significantly on both spatial and temporal scales (Table 2 ). There were no significant differences due to interactions between spatial variables and sampling period.
Soil analysis
Levels of available phosphorus ranged from a low of 8?7 p.p.m. at the LP site to 25?3 p.p.m. at UI (Table 1) . Percent organic matter was typical of mineral soils in arid regions, 1?1-2?5%, and the pH of all sites was alkaline. There was no indication of high salinity at any site. Soil textures at the lower floodplain sites were loamy (LI) or silty loam (LP). Both upper terrace sites were silty clay. See Table 1 for additional details of soil characteristics.
Analyses of percent relative moisture and percent water content yielded similar results, consequently only information on percent relative moisture will be presented. There were significant differences in percent relative moisture due to sampling period, with higher moisture in the spring (February, March) compared to other sampling dates (Fig. 2) . In addition, soil at the LP site exhibited higher levels of relative moisture than the other three sites. There was no correlation between soil moisture and levels of AM colonization. 
Plant phenology
Seasonal changes in AM fungal colonization
Levels of total AM fungal colonization, vesicles, arbuscules, and coils found in roots differed significantly between sampling periods (Table 2) . When data from all sites were pooled, total colonization peaked during March, and was lowest in September Arbuscules 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 2 12 3 5 7 9 LP LI UP UI and December. When separated by site, there are exceptions to this trend (Fig. 3) . Total colonization was significantly higher in roots collected at the UP and UI sites in February, March, May and July in comparison to September and December. At the LP site, total colonization was significantly higher only in February, March and May in comparison to September and December. In contrast, there were no significant differences between sampling times in total colonization in roots collected at the LI site. There were no significant differences between sampling times in the incidence of vesicles in roots collected from the LI, UP and UI sites (Fig. 2) . At the LP site, the incidence of vesicles was significantly higher in March and May in comparison to September and December. The presence of arbuscules and intracellular coils was low with few or no arbuscules detected in roots collected in February and September at the LP, LI and UI sites (Fig. 2) . For the UP site, the incidence of both arbuscules and coils was significantly higher in roots collected in July in comparison to other sampling times. For the LP site, the incidence of arbuscules was significantly higher in roots collected in July in comparison to February, March and September. The incidence of arbuscules detected in roots collected from the LI and UI sites was significantly higher in March, May and July in comparison to February, September and December. At both the LP and LI sites, the incidence of coils was significantly higher in roots collected in March and May in comparison to the other sampling times. There were no significant differences between sampling times in the incidence of coils detected in roots collected from the UI site. Levels of colonization by hyphae only were significantly lower in September and December in roots collected at the LP, UP and UI sites in comparison to levels detected in February, May and March (Fig. 2) .
Riparian habitats and AM fungal colonization
There were significant differences in total colonization when the averages of the upper terraces and lower floodplains were compared (Pr4F. 0?0012), with plants on lower floodplains exhibiting higher levels of colonization. Further analysis revealed other significant differences in total colonization between sites. Mean squares analysis indicated that the levels of total colonization at LI, UP and UI sites were not significantly different, but varied from levels of colonization at LP. Total colonization in roots collected from the LP site was significantly higher than that detected at the LI, UP and UI sites in February, March and May (Fig. 3 ). There was a trend (Pr4F. 0?07) towards higher colonization at sites on perennial reaches of the river. In both September and December, total colonization was significantly higher in roots collected at the LP and LI sites in comparison to the UP and UI sites. Levels of vesicles, arbuscules and coils found in roots differed significantly between sampling sites (Table 2) . Differences between sites with respect to colonization by vesicles were similar to the results of total colonization, with highest levels in roots collected at LP in May and March (Fig. 2) . Arbuscules and intracellular coils occurred at low levels at all sites but were significantly lower in samples at the UI site at some sampling times (Fig. 2) .
AM fungal species associated with S. wrightii
Fifteen distinct species of AM fungi were detected in pot cultures established with soil collected from S. wrightii (Table 3) . AM fungal spores were extracted from a subsample of first-and second-generation pot cultures from the same plants and compared for AM fungal species composition and richness. There were no increases in species richness or changes in species composition when second generation cultures were compared to first generation cultures. Consequently, we present data from only first generation pot cultures. Ten of the detected species were in Glomaceae including four undescribed species of Glomus, three species in Acaulosporaceae, one species in Archaeosporaceae and one species in Paraglomaceae. (Kennedy et al., 1999) . The remaining undescribed species, Glomus sp. AZ112 and Glomus sp. AZ123, are 
referenced by the INVAM accession code of the pot culture in which each was first discovered. Eight species, Ar. trappei, Glomus AZ123, G. eburneum, G. etunicatum, G. intraradices, G. mosseae, P. occultum, and G. spurcum , were found at all four sites (Table 3) . However, only G. mosseae was found in pot cultures from each plant (Fig. 4) . Four species, A. morrowiae, A. scrobiculata, A. delicata and G. microaggregatum were detected at only one sampling site (Table 3) , and two of these species, A. morrowiae and A. scrobiculata, were found in pot cultures from only one plant each (Fig. 4) .
Species richness was highest at UP with 13 total species detected, followed by LP, LI and UI (11, 10 and 9 species, respectively) ( Table 3) . Species richness was positively correlated with exchangeable NO 3 -N (0?5921), but negatively correlated with phosphorus concentration (À0?6199). There were no significant differences in the mean number of AM fungal species per plant at each site according to the results of the Welch one-way ANOVA (F = 0?1641). However, means separation tests indicate a trend towards lower number of AM fungal species on a per plant basis at UI (mean = 5?0) compared to UP, LP, and LI which ranged from 9?3 to 7?3 AM fungal species per plant (Fig. 5) . Similarity index calculations incorporating species richness and composition indicated a high level of similarity between sites, ranging from a low of 0.75 between LP and UP, to a high between LI and UI (S = 0?95). 
Discussion
Colonization by arbuscules and hyphal coils was noted in all plants throughout this field study indicating a functional symbiosis between AM fungi and Sporobolus wrightii. Although the presence of AM fungi was universal, differences in the levels of total colonization and relative proportions of AM fungal components were observed over a growing season and between different types of riparian habitats. Fifteen species of arbuscular mycorrhizal fungi were associated with Sporobolus wrightii at the four sites examined. Although the species richness of AM fungal communities is high, the generic range of AM fungi is limited to members of the Glomineae. A high degree of similarity in species composition and richness exists among sites. Similar seasonal patterns of colonization at three of the four sampling sites suggest that AM colonization is influenced by the growth and reproductive status of the host, although the possibility exists that our results do not fully represent seasonal trends because colonization was only assessed for one growing season. At these three sites, AM colonization was high in February, March and May coinciding with a shift from quiescence to active vegetative growth by the host. This change in AM fungal colonization may reflect both an increased demand for soil nutrients for growth by the host plant and an increase in the allocation of carbon products to the fungus (Sanders & Fitter, 1992) . AM colonization of S. wrightii continued at a higher level in the summer ( July) at two sampling sites ( UP and UI), but then declined to the lowest levels in fall (September) when big sacaton shifted from vegetative growth to reproduction, and in December when hosts were dormant, or approaching dormancy. This pattern of change in fungal colonization is similar to that reported by Ebbers et al. (1987) in their study of S. heterolepsis. Bentivenga & Hetrick (1992) found total colonization of other warm-season tallgrasses to be greatest in late summer or fall and suggested the fungal symbiont might be parasitic at this time.
Levels of arbuscules and hyphal coils detected in S. wrightii roots were low, but the seasonal patterns observed at 3 sites (LP, LI and UP) were similar to patterns for total colonization. At these sites, the highest levels of these fungal components occurred prior to anthesis in May or July and the lowest levels occurred in the fall (September) during reproductive growth of S. wrightii and in winter (December and February) during plant dormancy. Declines in both total colonization and the number of arbuscules and hyphal coils by September may indicate that at this time, the plant is allocating more carbon to the reproductive effort and less to the fungal symbionts. Vesicles were more prevalent than arbuscules and hyphal coils. However, the presence of vesicles was not as closely associated with the vegetative state of the host, as there was little variation in the number of vesicles throughout the year at three of the sampling sites (LI, UP and UI). Significant differences were noted in colonization between upper terraces and lower floodplains, and a trend towards greater colonization was evident at sites of perennial streamflow. The strongest statistical differences were between plants at one lower floodplain site (LP), the site with highest soil moisture, which were consistently more highly colonized than plants at the other three sites (LI, UP, and UI) during February, March and May. This pattern supports the findings of Brown & Bledsoe (1996) , who also reported higher levels of colonization at sites with higher soil moisture, but is in contrast to the results of DeMars & Boerner (1995) . Michelini et al. (1993) suggested that drought conditions might reduce infection, which may explain lower levels of colonization at sites with low percent relative moisture. In our study, although there was a significant difference in total colonization at the site with the highest levels of soil moisture (LP) compared to drier sites, changes in total colonization were not significantly correlated with changes in percent relative moisture. This lack of correlation may be a consequence of our sampling regime, as samples to determine soil moisture were taken concurrently with samples to determine colonization. Continuous monitoring of soil moisture would be necessary to determine a correlation if there is a temporal lag between precipitation or flood events and changes in colonization.
Arbuscules and intracellular coils occurred at low levels at all sites but were significantly lower at some sampling times during the spring and summer at UI; the site with highest levels of available phosphorus. In contrast, levels of AM fungal colonization in Trillium flexipes Raf., Smilacina racemosa (L.) Desf. (DeMars & Boerner, 1995) or Sporobolus heterolepsis, prairie dropseed (Ebbers et al., 1987) were not significantly correlated with available phosphorus. However, Wetzel & van der Valk (1996) reported less mycorrhizal development in wetland vegetation from soils with higher nutrient levels.
Compared to other studies of AM fungal communities in south-western North America, the high species richness associated with Sporobolus wrightii was consistent with the results of Bloss & Walker (1987) from a semi-arid scrubland in the Santa Catalina Mountains in Arizona and Stutz et al. (2000) from Sonoran and Chihuahuan desertscrub communities. A grassland community examined by Bever et al. (1996) included 23 species of AM fungi. Hetrick et al. (1994) identified seven species of AM fungi in soil from the Konza Prairie Research Natural Area. If additional host plants were used in greenhouse pot cultures, it is possible that additional species of AM fungi may be found that are associated with S. wrightii (Bever et al., 1996) .
If we compare our results to other grass/prairie research, the limited number of AM fungal genera associated with S. wrightii is consistent with the results of Ebbers et al. (1987) , who found only two genera, Glomus and Sclerocystis, associated with Sporobolus heterolepis in Illinois. Stahl & Christensen (1982) , when examining the mycorrhizal ecology of Bouteloua gracilis and Agropyron smithii, detected only members of Glomus and Entrophospora. However, Hetrick et al. (1994) identified members of four genera in soil from a tallgrass prairie in north-eastern Kansas. AM fungal communities in a mown grassland in North Carolina (Bever et al., 1996) also included members of four genera.
Total species richness and species composition of AM fungal communities associated with S. wrightii was similar among riparian habitats. The high degree of similarity might indicate that the structure of plant communities which include big sacaton may have been influenced by the species of AM fungi present (van der Heijden et al., 1998a, b) . Conversely, the host plant species may affect the AM fungal community structure in these riparian habitats (Eom et al., 2000) . The joint occurrence of S. wrightii and these species of AM fungi might also indicate a mutual reliance and adaptation to the edaphic and climatic conditions found in these habitats (Allen et al., 1995) .
Although species richness and composition of AM fungal communities is similar on a per site basis, the average number of species found on a per plant basis at each site indicates that plants at UI have significantly fewer associated species of AM fungi than plants from the other three sites (Fig. 5) . Soil samples from this grassland (UI) are the highest in extractable phosphorus. Of the soil characteristics examined, only phosphorus (À0.6199) and nitrogen (0.5921) were correlated with AM fungal species richness. The negative correlation found in this study between AM fungal species richness and extractable P and the positive correlation between richness and available N is in agreement with the results of Johnson et al. (1991) , who reported the same pattern in the diversities of AM fungal communities. However, Koske (1987) and Ebbers et al. (1987) reported no correlation between spore abundance and N or P.
Widespread presence of AM fungi in the roots of S. wrightii, changes in relative incidence of fungal constituents and the high number of AM fungal species associated with S. wrightii indicate that AM fungi and S. wrightii are intimately associated. Although evidence for a symbiotic relationship is present, there are many aspects of the relationship to be explored, including the response of S. wrightii to inoculation with AM fungi. Field studies and glasshouse experiments are underway to determine the mycorrhizal dependency of S. wrightii. If the relationship between S. wrightii and AM fungi is determined to be mutualistic, then reestablishment of appropriate AM fungal communities should be an integral part of restoration plans for big sacaton grasslands.
